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A B S T R A C T   

High levels of soil salinity can cause substantial decline in growth and productivity of crops worldwide, thus 
representing a major threat to global agriculture. In recent years, engineered nanoparticles (NPs) have been 
deemed as a promising alternative in combating abiotic stress factors, such as salinity. In this context, the present 
study was designed to explore the potential of cerium oxide nanoparticles (CeO2NPs) in alleviating salt stress in 
grapevine (Vitis vinifera L. cv. Flame Seedless) cuttings. Specifically, the interaction between CeO2 NPs (25, 50 
and 100 mg L− 1) and salinity (25 and 75 mM NaCl) was evaluated by assaying an array of agronomic, physi
ological, analytical and biochemical parameters. Treatments with CeO2 NPs, in general, alleviated the adverse 
impacts of salt stress (75 mM NaCl) significantly improving relevant agronomic traits of grapevine. CeO2 NPs 
significantly ameliorated chlorophyll damage under high levels of salinity. Furthermore, the presence of CeO2 
NPs attenuated salinity-induced damages in grapevine as indicated by lower levels of proline, MDA and EL; 
however, H2O2 content was not ameliorated by the presence of CeO2 NPs under salt stress. Additionally, salinity 
caused substantial increases in enzymatic activities of GP, APX and SOD, compared with control plants. Similar 
to stress conditions, all concentrations of CeO2 NPs triggered APX activity, while the highest concentration of 
CeO2 NPs significantly increased GP activity. However, CeO2 NPs did not significantly modify SOD activity. 
Considering mineral nutrient profile, salinity increased Na and Cl content as well as Na/K ratio, while it 
decreased K, P and Ca contents. Nevertheless, the presence of CeO2 NPs did not lead to significant alterations in 
Na, K and P content of salt-stressed plants. Taken together, current findings suggest that CeO2 NPs could be 
employed as promising salt-stress alleviating agents in grapevine.   

1. Introduction 

Salinity, representing a major abiotic stress factor, causes substantial 
alterations in osmotic potential and cellular water content, which in turn 
result in reduction of quality and quantity of the yield of horticultural 
crops (Fraga et al., 2012; Yuanchun et al., 2015). Concerning potential 
consequences of high salinity on vineyard development and productiv
ity, leaf burns or death and subsequent significant yield loss have been 
observed, in accordance with reductions in photosynthetic and leaf 
expansion rates (Fisarakis et al., 2001; Munns, 2002; Walker et al., 

2002). Physiologically, plant growth is affected by salinity in a variety of 
ways. The first phase of the growth response under salt stress is affected 
by similar symptoms as those observed in water-stressed plants due to 
osmotic perturbances (Munns et al., 1995; Munns, 2002). Salt stress and 
water deficit result in slight inhibition of growth and degradation of 
photosynthetic pigments in the leaf (Kumar et al., 2017; Kozminska 
et al., 2018). A large amount of leaf injury and even plant death in some 
cases emerges when salts accumulate over time in older leaves (Munns, 
2002; Munns et al., 1995). High salinity is followed by accumulation of 
specific osmolytes in the leaf, as well as oxidative stress induction 
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(manifested as accumulation of malondialdehyde (MDA), induction of 
ascorbate peroxidase (APX) and glutathione reductase (GR) activity, and 
increase in total phenolic compound levels and antioxidant flavonoids). 
High levels of salinity are also known to induce Na+ and Cl- accumu
lation in leaves and roots as well as superoxide dismutase (SOD) and 
catalase (CAT) activities (AbdElgawad et al., 2016; Kumar et al., 2017). 

Wide applications of engineered nanoparticles (NPs) have been 
carried out in the agricultural sector (Sharon et al., 2010; Yuhui et al., 
2015; Ioannou et al., 2020). Relevant biochemical findings showed that 
such particles significantly alter photosynthetic processes, oxidative 
stress, gene expression, and antioxidant enzymatic activities in plants. It 
has been reported that nanoparticles such as CeO2 NPs improve plant 
tolerance to abiotic stress, largely by enhancing the capacity of their 
antioxidant system (Sharma et al., 2019; Gohari et al., 2020a, 2020b; 
Mohammadi et al., 2021). Cerium (Ce) is a rare earth metal and can exist 
in the Ce3+ (cerous) and Ce4+ (ceric) oxidation states acting as oxygen 
buffer. Potential effects of CeO2 NPs on plant health, either positive or 
negative, depend on plant growth conditions, plant species, and expo
sure concentration and duration (Wang et al., 2012; Zhao et al., 2014; 
Ma et al., 2016a, 2016b). However, the mechanisms of CeO2 NP impacts 
at different concentrations are not fully understood, likely due to the 
duel valance states of Ce on the nanoparticle surface. This makes CeO2 
NPs perform either as an antioxidant (Wang et al., 2012) or pro-oxidant 
under different conditions (Ma et al., 2016a, 2016b). Given the likeli
hood of NP accumulation in saline agricultural soils, some studies have 
emerged that examine the synergistic effects of these two factors (NPs 
and salinity) in plants. Zayed et al. (2017) reported the promoted seed 
germination and radical length of bean plants under salt stress treated 
with different concentrations of nano-chitosan. Moringa plants sprayed 
with Hoagland’s solutions containing ZnO NPs and Fe3O4 NPs displayed 
enhanced growth parameters under both normal and saline conditions 
compared with controls (Soliman et al., 2015). Authors also stated a 
significant increase of some essential macro- and micro-elements, total 
chlorophyll, carotenoids, proline and carbohydrates in plant tissues and 
a significant decrease in Na+ and Cl- content. 

In addition, significant enhancement of spinach plant growth 
through further activation of the photosynthesis process following TiO2 
NP treatment has been reported (Zheng et al., 2005). Likewise, TiO2 NP 
supplementation led to the significant increase in enzymatic antioxidant 
activities and soluble sugars, amino acids, and proline content in sal
t-affected broad bean plants compared with plants subjected to salinity 
alone (AbdelLatef et al., 2018). Considering the extent of CeO2 NPs ef
fects in plants and their unique surface redox chemistry, it is intriguing 
to investigate the responses of grapevines as relatively sensitive plants to 
salinity stress exposed to the synthesized CeO2 NPs. 

2. Material and methods 

2.1. Preparation and characterization of CeO2 nanoparticles 

CeO2 nanoparticles were synthesized according to our previously 
reported procedure (Amini et al., 2016). An aqueous solution (10 mL) of 
Ce(NO3)3. 6H2O (1.0 g) was basified with a NaOH solution (1.0 M), and 
a white precipitate of Ce(OH)4 was obtained. The solid of Ce(OH)4 was 
filtered and, after washing several times with water, was dried under air. 
1 g of urea (as a fuel) was mixed and pulverized with Ce(OH)4 and, the 
residual solid was calcinated after grinding at 400 ◦C for 5 h. The syn
thetic CeO2 NPs were characterized by XRD, EDAX and SEM analysis. 

2.2. Plant material and experimental design 

This study was carried out at the research greenhouse of the Faculty 
of Agriculture, University of Maragheh, Maragheh, Iran (longitude 
46◦16’ E, latitude 37◦23’ N, altitude 1485 m), using a completely ran
domized design (CRD) as a factorial experiment with three replications. 
Four-year-old cuttings of grapevine cv. Flame Seedless were purchased 

from West Azerbaijan Agriculture and Natural Resources Research 
Center, ARREO, Urmia, Iran and were planted in 7 L pots containing a 
mixture of coco peat and medium grain perlite in a ratio of 3:1. Plants 
were irrigated daily with quarter-strength Hoagland solution for a 
month until at least eight true leaves emerged (each pot contained a 
cutting). After one month, salinity stress (0, 25 and 75 mM NaCl) was 
imposed daily (in combination with half-strength Hoagland solution) 
and continued for 2 months. Nanomaterial treatments including four 
levels of CeO2 NPs (0, 25, 50 and 100 mg L− 1) were applied 30 days after 
imposing salinity stress by spraying leaves four times with 24 h in
tervals. Tween® 20% was used for better fixation and penetrability of 
CeO2 NP treatments to leaf surfaces. Control plants were daily irrigated 
with half-strength Hoagland solution until harvest and foliar-sprayed 
with distilled water (without salinity and CeO2 NPs). All measured pa
rameters were analysed four weeks after the CeO2 NP treatment appli
cations, while salinity stress continued until the end of the experiment. 
Three technical replicates were used for each parameter corresponding 
to each experimental group. The treatment name was abbreviated in 
following from: NaCl (S0: 0 mM; S1: 25 mM, S2: 75 mM), CeO2 NPs 
(NP0: 0 mg L− 1; NP1: 25 mg L− 1; NP2: 50 mg L− 1, and NP3: 100 mg L− 1) 
(Table 1). 

2.3. Growth parameters and relative water content 

The plant height and leaf number were measured at the harvest 
stage. Leaf area (cm2) was measured using a leaf area meter (LI-3100; LI 
Core, USA). Relative water content (RWC) was measured according to 
Ritchie et al. (1990). 

2.4. Chlorophyll fluorescence and SPAD 

Leaf chlorophyll fluorescence measurements were carried out using a 
dual-pam-100 chlorophyll fluorometer (Heinz Walz, Effeltrich, Ger
many) based on Maxwell and Johnson (2000). Leaves at the third or 
fourth nodes of the plant were acclimated to the dark at least 20 min 
before measurements and Fv/Fo, Fv/Fm, Y (NO) and Y (II) traits were 
calculated from these data. The values of SPAD (leaf chlorophyll con
centration) were quantified following the method described by Ling 
et al. (2011) using a SPAD-meter (502 Plus Chlorophyll Meter, Minolta 
Camera Co., Osaka, Japan). 

2.5. Photosynthetic pigment content 

Chlorophyll extraction (chlorophyll a, b and carotenoid contents) 
and quantification was carried out using young and fully expended 
leaves at third or fourth nodes of plants according to Sharma et al. 
(2012). Absorbances of the samples were read at 664 and 647 nm using a 
UV-Vis spectrophotometer (UV-1800 Shimadzu, Japan). 

Table 1 
Experimental design of the study.  

Acronym Nanoparticles treatment (mg L¡1) Salinity level (mM) 

S0NP0  0  0 
S1NP0  0  25 
S2NP0  0  75 
S0NP1  25  0 
S1NP1  25  25 
S2NP1  25  75 
S0NP2  50  0 
S1NP2  50  25 
S2NP2  50  75 
S0NP3  100  0 
S1NP3  100  25 
S2NP3  100  75  
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2.6. Electrolyte leakage (EL) 

The initial electrical conductivity (EC1) of fully expanded leaves at 
third or fourth nodes of plants (at ambient temperate for24h) was 
measured using a conductivity meter (Hanna, HI98192, Hanna In
struments, Inc., Woonsocket, RI, USA). The final electrical conductivity 
(EC2) was measured in the incubated samples in a water bath at 95 ◦C 
for 20 min. The percentage of electrolyte leakage (EL) was calculated as 
follows (Nayyar, 2003).  

EL (%) = (EC1/EC2) × 100                                                                     

2.7. Mineral content 

Leaf samples (0.1 g) were oven-dried at 60 ◦C in a forced air oven 
(DHG-9023A, Nanjing, China) for 16 h and then ground in a Willey mill 
and the powered samples were stored for further analyses. Total con
tents of Na+ and K+ (mg g− 1 DW) were determined by flame photometer 
(M410 Sherwood, UK) as described by Ghosh (1993). Chloride was 
measured with Ion-Analyzer using a chloride electrode (ISM146-Cl, Los 
Angeles, USA) and P concentration in digested samples was estimated 
after coloring with molybdate-vanadate using spectrophotometer 
(UV-1800 Shimadzu, Japan) (Ryan et al., 2001). 

2.8. Malondialdehyde (MDA) and H2O2 quantification 

Malondialdehyde (MDA) and H2O2 content of leaf TCA extracts were 
determined as previously described by Stewart and Bewley (1980) and 
Sinha et al. (2005), respectively. For MDA content, fresh leaf samples 
were extracted using acetic acid and the extracts were then mixed with 
thiobarbituric acid in trichloroacetic acid (TCA; 1:11 v/v) for 30 min at 
96 ◦C. The mixture was incubated at 0 ◦C for 5 min and centrifuged at 
10,000 g for 5 min. The absorbance was read at 532 and 600 nm by the 
spectrophotometer (UV-1800 Shimadzu, Japan). In order to quantify the 
content of MDA (nM g− 1 FW), the following equation was applied.  

MDA (nmol g− 1 FW) = [(A352-A600) * V *1000/ ε] * W                          

Where: ε, specific extinction coefficient (155 mM− 1 cm− 1); V, volume of 
crushing medium; W; leaf fresh weight; A 600, absorbance at 600 nm; A 
532, absorbance at 532 nm (Stewart and Bewley, 1980). 

For H2O2 quantification, fresh leaf samples (0.1 g) were homoge
nized using trichloroacetic acid (0.1% w/v) (at 0 ◦C). Homogenization 
was followed by the addition of potassium phosphate buffer (pH 6.8, 10 
mM) and potassium iodide (1 M) to the supernatants. Then, the absor
bance was read at 390 nm (UV-1800 Shimadzu, Japan). Different 
H2O2concentrations were used to obtain the standard calibration curve 
for quantification of H2O2content (µM g− 1 FW; Sinha et al. 2005). 

2.9. Proline content 

The content of proline (μM g − 1 FW) was detected using ninhydrin 
method as described by Bates et al. (1973). Briefly, fresh leaf samples 
(0.5 g) were subjected to extraction with aqueous sulfosalicylic acid 
(3%) in ice bath and subsequently the extracted tissues were mixed with 
solution of proline, ninhydrin and glacial acetic acid (1:1:1). Then, the 
mixture was incubated for 1 h at 100 ◦C and placed in an ice bath. 
Toluene was added and mixed strongly (20 s). The absorbances of the 
samples were read at 520 nm using a UV-Vis spectrophotometer 
(UV-1800 Shimadzu, Japan). Different concentration of L-proline was 
used for standard curve and final calculation of proline values. 

2.10. Antioxidant enzymatic activities 

First, fresh leaf samples (0.5 g) were homogenized with potassium 

phosphate buffer (pH6.8, 100 mM) including 1% PVP and EDTA (4 mM) 
by using magnetic stirrer (10 min) and then homogenate was centri
fuged (6000 g, 20 min). The supernatants were used for measuring the 
total soluble proteins (Bradford, 1976), the activities of ascorbate 
peroxidase (APX) (Nakano and Asada, 1981), guaiacol peroxidase (GP) 
(Tang and Newton, 2005) and superoxide dismutase (SOD) enzymes 
(Flohe and Günzler, 1984) using a UV-Vis spectrophotometer. Results 
were expressed as U g-1 FW. All relevant experiments were performed at 
4 ◦C. 

2.11. Statistical analysis 

Two-way ANOVA analysis was applied to the data. The variances 
were related to the main treatments (nanoparticles and salinity) and to 
their interactions. The means were separated by using Duncan’s multi
ple range test at 5% probability level (p < 0.05) (SPSS V.22). Moreover, 
a principal component analysis (PCA) was performed in order to 
discriminate the treatments of nanoparticles and salinity on the basis of 
agronomic traits, physiological attributes, enzymatic activities and sta
tus of elemental uptake (XLSTAT). Furthermore, a heat map corre
sponding to the findings along with the treatments were constructed for 
visualizing and relating the dependent and independent variables 
(ClustVis). 

3. Results 

3.1. CeO2 nanoparticle characterization 

X-ray diffraction (XRD) pattern of CeO2 NPs was recorded to deter
mine the structure and phase formation of the prepared particles 
(Fig. 1a). The diffraction patterns of the sample showed the character
istic peaks of the cubic fluorite structured CeO2 crystal with no peaks of 
impurity. Energy-dispersive X-ray spectroscopy (EDXS) confirmed the 
presence of Ce and O in the prepared sample (Fig. 1b). Information 
about the surface of CeO2 NPs was obtained by scanning electron mi
croscopy (SEM) as presented in Fig. 1c. The SEM image revealed that 
particles are formed with diameters in the range of nanometers. 

3.2. Biomass, relative water content and growth parameters 

As shown in Table S1, salinity and CeO2 NPs had a substantial effect 
on FW and DW of leaves (Fig. 2a, b). However, interaction between 
salinity and CeO2 NPs did not exhibit significant effects on either FW or 
DW of the leaf samples. The FW and DW were decreased as salinity 
concentration increased (0–75 mM). By contrast, FW and DW were 
enhanced by increasing concentrations of CeO2 NPs (0–100 mg L− 1). 
The maximum and minimum values of RWC were recorded at treat
ments of S0NP0 (76.35%) and S2NP1 (66.03%), respectively. Salinity 
and NP treatments, as well as their interactions, were found to have 
significant effects in leaf area, leaf number and plant height (Table 2). 
Accordingly, the highest leaf area was observed when plants were 
exposed to S0NP2 and S0NP3in leaf areas compared with control. 
However, lowest leaf area values were recorded in grapevines treated 
with S2NP0. Furthermore, results showed that treatment of plants with 
CeO2NPs (S0NP3 followed by S0NP2) led to a 25% increase in leaf 
number in comparison with control samples. The lowest number of 
leaves was obtained in S2NP0-treated plants. In the case of plant height, 
the highest and lowest heights were observed in plants exposed to 
S0NP2 and S2NP0, respectively. Compared with control group (S0NP0), 
plant height increased by up to 12.5% with CeO2 NP treatment (S0NP2). 

3.3. Photosynthetic pigments 

Photosynthetic pigments (Chl a and b), with the exception of carot
enoids, were affected by interaction of salinity with CeO2 NPs 
(Table S1). The highest content of Chl a was detected in S0NP2 
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treatment (6.22 mg g− 1 FW), while the lowest Chl a was observed in 
S2NP1 treatment (2.4 mg g− 1 FW). The highest and lowest Chl b con
tents were detected in the S0NP2 (2.5 mg g− 1 FW) and S2NP3 
(0.51 mg g− 1 FW) treatments, respectively (Table 2). There was no 
significant difference in the carotenoid content of plants treated with 
both salinity and CeO2 NPs (Fig. 2c). 

3.4. Chlorophyll fluorescence and SPAD 

Salinity caused a significant reduction in Fv/Fm (p = 0.0001). 
Compared with control samples, salinity decreased Fv/Fm by about 
14.3%, whereas it increased in plants treated with CeO2 NPs 
(p = 0.001). A 3.6-fold increase in values of Fv/Fm was observed in plants 
treated with 50 mg L− 1CeO2NPs in comparison with controls (Fig. 2d). 
However, the interaction of NP treatments with salinity was not signif
icant (p = 0.987). In the case of SPAD values, a significant decrease 
(~9%) was seen following stress imposition with 75 mM NaCl compared 
with controls (p = 0.0001) (Fig. 3a). Similar to Fv/Fm, a strong increase 
in SPAD values was recorded in plants treated with CeO2 NPs 
(p = 0.0001). SPAD increased by 18.9% in plants treated with 
50 mg L− 1 CeO2 NPs compared with control plants. The interaction of 
NP treatments with salinity was not significant concerning Fv/Fm, values 
(p = 0.112). Based on the results, no significant difference was observed 
in the Y (NO) and Y (II) traits in plants exposed to salinity and CeO2 NP 
treatments (Fig. 3b, c). 

3.5. Electrolyte leakage (EL) and Relative Water Content (RWC) 

As it is well-known for higher plants, salinity causes significant 
membrane damage at high concentrations. A clear damage of cell 

membrane, determined as EL, was noted with increasing salinity levels, 
but the increases in EL due to salinity were ameliorated by NP treat
ments. The EL values of NP-treated plants were significantly lower than 
those of both control and salt-stressed plants. Thus, plants exposed to 
S2NP0 and S0NP3 presented the highest and lowest EL, respectively 
(Table 2). Based on present results, salinity stress decreased relative 
water content in plants, while the lowest RWCs were measured in S2NP0 
and S2NP1. Foliar application of cerium oxide nanoparticles could 
improve the negative effects of salinity on RWC in treated plants 
(Table 3). 

3.6. Mineral content analysis 

As presented in Table 2, interaction between salinity with CeO2 NPs 
affected only content of Cl and Ca as well as Na+/ K+ ratio. Concerning 
Ca2+ content, S0NP1 and S2NP1 exhibited the highest and lowest con
tent of Ca in treated plants, respectively. The rate of increase and 
decrease of Ca was 9.6% and 54.2% for S0NP1 and S2NP1, respectively. 
In the case of Cl, the highest and lowest contents were detected in plants 
exposed to S2NP0 and S0NP2, respectively. A 3.4-fold increase and a 
1.4-fold decrease were noted in the mentioned treatments. Concerning 
our results, salinity led to a significant decrease in P content of treated 
plants (Fig. 3d). 

The maximum concentration of salinity treatment (75 mM NaCl) 
resulted in the highest level of Na, while increasing CeO2 NP concen
trations (0–100 mg L− 1) lowered Na content (Fig. 3e). However, the 
interaction between salinity and CeO2 NPs was not significant 
(p = 0.879). With increasing the concentration of both salinity and CeO2 
NP treatments, the content of K was decreased. However, we observed a 
weak increment of K in plants treated by 25 mg L− 1 CeO2NPs (Fig. 3f). 

Fig. 1. XRD pattern (a); EDXS analysis (b) and SEM image (c) of the prepared CeO2 nanoparticles.  
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Similar to observed results on the level of Na, the maximum and mini
mum Na/K was recorded by the highest concentration of salinity and 
CeO2 NP treatments (75 Mm and 100 mg L− 1), respectively. 

3.7. Malondialdehyde (MDA) and H2O2 quantification 

MDA content was significantly affected by salinity, CeO2 NPs and 

their interactions (p = 0.0001). S2NP0 and S0NP3 resulted in the 
maximum and minimum accumulation of MDA, respectively. A decrease 
of 4.6% in MDA content was recorded in plants treated with CeO2 NPs in 
comparison with control samples (Table 4). Salinity and CeO2 NPs 
treatments alone caused significantly increases in H2O2 content 
(p = 0.0001), but their interactive effect was not significant (p = 0.738). 
Plant exposure to 75 mM NaCl significantly increased H2O2 content 

Fig. 2. Leaf FW (a), Leaf DW (b), Carotenoid content (c) and SPAD (d) values corresponding to treatments of CeO2 nanoparticle and salinity stress in Vitis vinifera cv. 
Flame Seedless. Different letters indicate significant differences based on Duncan’s post-hoc analysis at p ≤ 0.05. 

Table 2 
Effects of CeO2 nanoparticles and salinity application on leaf number, leaf area, plant height and photosynthesis pigments in Vitis vinifera cv. Flame Seedless.  

Treatment Leaf number Leaf area (cm2) Plant height (cm) Chla (mg g¡1FW) Chlb (mg g¡1FW) 

S0NP0  13.50 ± 1.29bcd  39.89 ± 1.15b  48.46 ± 0.72 c  4.74 ± 0.58c  1.72 ± 0.30b 
S1NP0  11.75 ± 0.96 d  33.23 ± 0.90ef  43.92 ± 1.40d  3.79 ± 0.39d  1.20 ± 0.12d 
S2NP0  5.50 ± 0.58f  30.82 ± 0.87g  34.84 ± 1.39g  2.71 ± 0.71e  0.65 ± 0.21g 
S0NP1  15.50 ± 1.29b  36.70 ± 1.87d  50.95 ± 1.36b  4.63 ± 0.31c  1.45 ± 0.14 c 
S1NP1  15.00 ± 1.15bc  34.88 ± 0.74e  45.63 ± 1.47d  3.52 ± 0.24d  1.11 ± 0.09de 
S2NP1  6.50 ± 1.29f  32.56 ± 1.66f  39.61 ± 0.87f  2.41 ± 0.36e  0.69 ± 0.12g 
S0NP2  18.00 ± 0.82a  43.18 ± 1.73a  55.41 ± 1.73a  6.22 ± 0.27a  2.51 ± 0.20a 
S1NP2  12.75 ± 1.26d  37.54 ± 0.70d  48.58 ± 0.89c  5.41 ± 0.29b  1.79 ± 0.05b 
S2NP2  9.25 ± 1.26e  34.40 ± 0.56e  41.86 ± 0.54e  3.61 ± 0.55d  0.96 ± 0.11ef 
S0NP3  18.00 ± 2.16 a  43.18 ± 0.59 a  53.69 ± 1.11a  2.87 ± 0.15e  0.75 ± 0.08fg 
S1NP3  13.25 ± 1.50 cd  39.39 ± 0.70bc  49.12 ± 1.60bc  2.69 ± 0.32e  0.61 ± 0.10g 
S2NP3  9.00 ± 1.83e  38.09 ± 0.55cd  38.59 ± 1.72f  2.42 ± 0.32e  0.51 ± 0.14g 

Different letters indicate significant differences based on Duncan’s post-hoc analysis at p ≤ 0.05. 
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Fig. 3. Fv/Fm (a), Y(II) (b) and Y(NO) (c), P content (d), Na content (e) and K content (f) values corresponding to treatments ofCeO2 nanoparticles and salinity stress 
in Vitis vinifera cv. Flame Seedless. Different letters indicate significant differences based on Duncan’s post-hoc analysis at p ≤ 0.05. 

Table 3 
Effects of CeO2 nanoparticles and salinity application on EL, RWC and elemental uptake in Vitis vinifera cv. Flame Seedless.  

Treatment EL (%) RWC (%) Cl (mg g¡1DW) Ca (mg g¡1DW) Na/K 

S0NP0  17.75 ± 0.96g  76.36 ± 1.97 a  2.57 ± 0.38 ef  4.29 ± 0.20 b  0.40 ±0.01g 
S1NP0  27.50 ± 1.29d  71.22 ± 0.31f  3.77 ± 0.38 c  3.28 ± 0.27 d  0.56 ± 0.00 d 
S2NP0  50.25 ± 1.50a  68.05 ± 0.12g  8.30 ± 0.28 a  2.06 ± 0.10 e  1.04 ± 0.00 a 
S0NP1  14.25 ±1.26h  74.45 ± 0.50 bc  2.31 ± 0.45 fg  4.69 ± 0.36 a  0.36 ±0.00h 
S1NP1  24.25 ± 1.50e  71.87 ± 0.20 ef  3.39 ± 0.40cd  3.31 ± 0.38 d  0.52 ± 0.02 e 
S2NP1  45.25 ± 2.50b  66.03 ± 0.59h  8.02 ± 0.13 a  1.96 ± 0.24 e  0.95 ± 0.00 b 
S0NP2  13.50 ± 1.73h  75.50 ±0.48ab  1.84 ± 0.33g  4.14 ± 0.20bc  0.36 ±0.01h 
S1NP2  21.50 ± 1.29f  73.65 ±0.43cd  2.86 ± 0.34 de  3.48 ± 0.28 d  0.50 ± 0.00 e 
S2NP2  35.50 ± 0.58 c  70.89 ± 0.43f  6.66 ± 0.46 b  2.12 ± 0.14 e  0.93 ± 0.01 b 
S0NP3  12.75 ± 1.71h  74.57 ± 1.14 bc  2.03 ± 0.15 fg  4.22 ± 0.21 bc  0.34 ± 0.00i 
S1NP3  23.00 ± 1.63 ef  71.91 ± 1.50 ef  3.27 ± 0.38cd  3.91 ± 0.09 c  0.45 ± 0.05f 
S2NP3  36.75 ± 1.71 c  72.79 ± 1.11 de  6.73 ± 0.50 b  2.06 ± 0.16 e  0.87 ± 0.00 c 

Different letters indicate significant differences based on Duncan’s post-hoc analysis at p ≤ 0.05. 

Table 4 
Effects of CeO2 nanoparticles and salinity application on MDA, H2O2, Proline, GP, APX, and SOD activities in Vitis vinifera cv. Flame Seedless.  

Treatment MDA (nM g¡1 FW) H2O2 (µMol g¡1 FW) Proline (µM g¡1 FW) GP (U g¡1 FW) APX (U g¡1 FW) SOD (U g¡1 FW) 

S0NP0  8.21 ± 0.32f  16.15 ± 0.26 f  0.06 ± 0.03 e  163.34 ± 13.30 f  233.65 ± 2.61 d  4.26 ± 0.48 d 
S1NP0  11.55 ± 0.44 d  27.27 ± 0.79 cd  0.17 ± 0.03 d  225.75 ± 18.39 de  245.95 ± 3.01 c  7.63 ± 0.87 c 
S2NP0  23.99 ± 0.92 a  38.13 ± 2.17 b  0.26 ± 0.04 c  236.14 ± 19.23 d  244.57 ± 2.34 c  14.73 ± 1.67 b 
S0NP1  8.05 ± 0.31f  16.57 ± 0.83 f  0.12 ± 0.02 de  160.08 ± 13.04 f  256.11 ± 2.70 b  4.38 ± 0.50 d 
S1NP1  11.32 ± 0.43 d  26.79 ± 1.29 d  0.33 ± 0.05 c  221.23 ± 18.02 de  255.46 ± 3.21 b  7.88 ± 0.88 c 
S2NP1  23.50 ± 0.91 a  37.78 ± 1.51 b  0.48 ± 0.08 b  231.41 ± 18.85 d  258.89 ± 0.93 b  15.17 ± 1.72 b 
S0NP2  8.26 ± 0.32 f  19.32 ± 1.05 e  0.13 ± 0.03 de  196.01 ± 15.96 e  275.07 ± 3.72 a  4.34 ± 0.49 d 
S1NP2  10.86 ± 0.42 d  28.67 ± 1.18 c  0.35 ± 0.06 c  270.90 ± 22.06 c  276.28 ± 2.14 a  7.77 ± 0.88 c 
S2NP2  22.54 ± 0.86 b  40.72 ± 0.98 a  0.52 ± 0.08 b  283.36 ± 23.08 bc  279.06 ± 1.67 a  15.01 ± 1.71 b 
S0NP3  7.83 ± 0.30 f  16.36 ± 0.62 f  0.13 ± 0.03 de  223.78 ± 18.23 de  254,75 ± 5,31 b  4.90 ± 0.56 d 
S1NP3  9.24 ± 0.36 e  25.92 ± 0.73 d  0.52 ± 0.08 b  309.27 ± 25.19 ab  255.78 ± 4.72 b  8.77 ± 1.00 c 
S2NP3  19.19 ± 0.73 c  36.97 ± 1.67 b  0.78 ± 0.13 a  323.52 ± 26.35 a  256.69 ± 4.99 b  16.94 ± 1.92 a 

Different letters indicate significant differences based on Duncan’s post-hoc analysis at p ≤ 0.05. 
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compared with controls. Contrarily, plants exposed to CeO2 NP treat
ments displayed different trend. CeO2 NPs at 100 mg L− 1 had the most 
pronounced impact on decreasing H2O2 content in relation with control 
samples (Table 4). 

3.8. Proline content 

Proline content was influenced by salinity, CeO2 NPs and their 
interaction. Both salinity and its combination with NPs caused higher 
increases in proline content in comparison with NP treatments alone 
highest and lowest proline contents were recorded in S2NP3 and control 
groups, respectively (Table 4). 

3.9. Antioxidant enzyme activities 

In regard with the antioxidant defence apparatus, SOD enzymatic 
activity was significantly affected by both salinity and CeO2 NP treat
ments, but their interaction was not significant (p = 0.886). Both 
salinity and CeO2 NPs increased SOD activity, with highest levels 
recorded at 75 mM salinity and 100 mg L− 1 CeO2 NPs (Table 4). Con
cerning APX activity, salinity, CeO2 NPs and their interactions all 
resulted in significant regulation. Specifically, highest and lowest APX 
activity was recorded in plants exposed to S2NP2 and controls, respec
tively. In a similar fashion to SOD, GP activity increased following both 
salinity and CeO2 NP treatments, with salt-stressed samples at 75 mM 
NaCl displaying highest GP activity levels (Table 4). 

3.10. Heat map clustering and principal component analysis (PCA) 

A heat map was constructed in order to visualize, clarify and asso
ciate the findings along with the experimental groups. According to the 
clustering of heat map, treatments of the different combinations of 
nanoparticles and different salinity levels were clearly classified into 
three distinct groups. Herewith, the first cluster included S2NP0, S2NP1, 
S2NP2, and S2NP3. The second cluster was composed of S1NP0, S1NP1, 
S1NP2, and S1NP3, while the non-stressed, NP-treated sample groups 
were clearly separated in the third cluster. On the other hand, the 
evaluated variables were classified into two main groups (Fig. 4a). 
Specifically, proline, GP, EL, Na, MDA, Na/K, Cl, H2O2, SOD, Y (II), and 
Y (NO) were classified into the first cluster and the relevant values of 
those variables were significantly increased by salinity stress in com
parison with non-stressed, NP-treated plants. Other variables relating 
agronomic traits and photosynthesis machinery apparatus traits were 
significantly decreased due the salinity but the highest values of these 
components were recorded under both control and NP-treated groups. 

For the overall assessment of agronomic traits, physiological attri
butes, nutrient uptake, and enzymatic activities, experimental data were 
subjected to PCA. Four principal components with Eigenvalues > 1.0, 
accounted for 92.17% of the variability of the original data. Such a high 
explained variance ratio of the components suggested that the evaluated 
variables along with the treatments could be strongly explained with the 
relevant component analysis. The first principal component, PC1, ac
counting for 60.89% of total variation, exhibited significant positive 
correlations with leaf FW, leaf DW, leaf number, leaf area, plant height, 
SPAD, Chl a, Chl b, RWC, P, and Ca. The first component was regarded as 
yield traits and biochemical parameters. On the other hand, in the sec
ond principal component, PC2, accounting for16.36% of the total vari
ation, Y(II), Fv/Fm, carotenoid, proline, GP,and APX had higher 
Eigenvectors. Herein, the second component included photosynthesis 
machinery apparatus and enzymatic activity-related parameters. Ac
cording to the scores of the first two components, experimental groups 
were scattered in a biplot (Fig. 4b, c). 

4. Discussion 

Soil salinization is one of the major threats to crops worldwide, 

quickly limiting water uptake and subsequently causing osmotic stress 
as during drought but additionally accumulating ions leading to ionic 
stress (Munns and Tester, 2008; Lamers et al., 2020). As previously 
observed for most plant species (Ren et al., 2020; Tanveer et al., 2020) in 
general, and grapevine in particular (A.A. Mozafari et al., 2018; A A AA 
Mozafari et al., 2018; Upadhyay et al., 2018), slow and retarded growth 
under higher levels of soil salinity have been reported. Due to poor 
public perception of genetically modified crops in many regions, the use 
of nanoparticles has gained increasing interest as a potential and 
excellent alternative tool to alleviate stress damage in plants (Ioannou 
et al., 2020; Zulfiqar and Ashraf, 2021) and significant and clear outputs 
have been obtained in a dose-dependent manner (Gohari et al., 2020b). 
Even though some progress has been made concerning physiological, 
biochemical as well as molecular responses, current overall knowledge 
regarding mechanisms of action remains at an infancy stage (Zulfiqar 
and Ashraf, 2021). Of the investigated NPs, cerium oxide NPs have been 
reported to exhibit positive effects in plants (Corral-Diaz et al., 2014; 
Wang et al., 2019, 2020; Jahani et al., 2019), but research on CeO2 NPs 
towards enhanced salinity tolerance in crop plants is limited (Zulfiqar 
and Ashraf, 2021). For that reason, the current study assessed the 
interaction between CeO2 NPs and salinity stress in Vitis vinifera cv. 
Flame Seedless. Grapevine, as a major commercial fruit crop, is mostly 
grown in areas characterized by salinity problems, which cause re
ductions in yield and quality of the fruits (Upadhyay et al., 2018). In 
accordance with the conditions of the region and sensitivity of grapevine 
cultivars to salinity, we investigated the possible and potential uses of 
CeO2 NPs in diminishing the negative impacts of salinity. 

Herein, according to the phenotypic observation of the plants (data 
not shown), foliar spraying of CeO2 NPs caused substantial, positive 
impacts in treated plants in comparison with control and salt-stressed 
ones. Current findings demonstrate that salinity decreased FW and DW 
of grapevine plants, which is consistent with the results of Acosta-Motos 
et al. (2017), but corresponding values increased along with increasing 
concentrations of CeO2 NPs. Similar increases in FW and DW in other 
plant species in response to CeO2 NP treatment have been reported 
(Skiba et al., 2020; Jurkow et al., 2020). A significant decline observed 
in RWC affected by both salinity and CeO2 NP application may be due to 
the plant’s defence strategies to mitigate NP uptake following NP 
translocation pathways through water flows (Schwabe et al., 2013). In 
addition, NP-exposed leaves have exhibited up-regulation of some 
transcription factors, which are considered to play significant roles 
concerned with reproductive and vegetative development of Arabi
dopsis plants (Tumburu et al., 2017). 

Chlorophyll fluorescence responses are a powerful tool to investigate 
the physiology of plants under stress conditions such as salinity. Under 
salt stress, decrease in chlorophyll fluorescence occurs due to decline of 
photosynthetic efficiency. Some reports suggest that application of 
nanoparticles could promote the light energy absorbed from PSI and 
transformed to PSII, and induce electron transport (Jurkow et al., 2020; 
Tombuloglu et al., 2020). Regarding current results, CeO2 NP treatment 
(p = 0.0001), low concentrations presented a stimulatory effect on the 
contents of Chl a and b. Similar enhancement was previously reported 
following treatment with low concentration of CeO2 NPs (Gui et al. 
(2017), in agreement with current findings. Data regarding Chl a and 
Chl b contents were consistent with high values of leaf number, leaf area 
and plant height and low values of membrane damage, which suggest 
chlorophyll as being critical in enhancing biomass (Gui et al., 2017). In 
addition, catalytic properties of cerium relating chlorophyll biosynthesis 
and chloroplast structure maintenance have been reported (Shyam and 
Aery, 2012; Chen et al., 2015). According to current findings, highest 
concentration of CeO2 NPs caused significant decreases in Chl a and b 
concentration. Ma et al. (2013) and Singh et al. (2019) postulated that 
relevant decreases might be the consequence of nanoceria trans
formation inside plant tissues. 

Chlorophyll fluorescence-related parameters are widely used and 
accepted tools in order to estimate the photosynthetic activity of the 
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Fig. 4. Heat maps corresponding to the dependent and independent variables along with the treatments (a), principal component analysis regarding observations (a) 
and biplot (b) (PCA) of salinity and CeO2 nanoparticles application on the examined traits in Vitis vinifera cv. Flame Seedless. 
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plant (Maxwell and Johnson, 2000). Fv/Fm acts as an indicator of the PSII 
photosynthetic energy conversion, and reflects the light reemission by 
chlorophyll molecules when light returns from excited state to ground 
state (Maxwell and Johnson, 2000). Under stress conditions, substantial 
decreases are noted in electron flux from PSII to the quinone acceptor, 
and subsequently reductions in Fv/Fm values. Along with those de
creases, critical reductions in photosynthesis occur (Baker and Rose
nqvist, 2004) as previously reported for a large number of plant species, 
with salinity leading to reduced Fv/Fm ratio, indicating negative impacts 
on photoreceptor centres (Kafi et al., 2019). An enhanced Fv/Fm ratio 
was recorded in plants treated with CeO2 NPs, consistent with the report 
by Rossi et al. (2016), which might be explained through CeO2 
NP-mediated enhancements in light energy use efficiency of PSII in 
plants under salinity stress. Similarly, Arabidopsis plants embedded 
with poly (acrylic acid) cerium oxide nanoparticles that were exposed to 
abiotic stress exhibited an increase up to 19% in quantum yield of 
photosystem II (Wu et al., 2017). 

Electrolyte leakage can be used as a useful damage indicator to 
detect the rate of injury in cell membrane under salt stress conditions, 
being the primary site of ion-specific damage due to salinity (Hniličková 
et al., 2019). Plants with low EL indexes are considered to be tolerant 
against stress. As clearly documented for several other plant species 
(Hniličková et al., 2019; Mahlooji et al., 2018; Hatami et al., 2018), 
current findings revealed that salinity increased EL from plasma mem
branes, but leakage was attenuated with lower concentrations of CeO2 
NP treatments. 

To investigate the impact of CeO2 NPs in salt-stressed plants, proline 
accumulation was analysed. As a common osmolyte in water- and salt- 
stressed plants (Jiménez-Bremont et al., 2006; Tripathi et al., 2007), 
proline has a vital role in protein protection against denaturation (Hong 
et al., 2000) and scavenging reactive oxygen species (ROS). Both anti
oxidant and oxidative stress inducer role of CeO2 NPs have been previ
ously demonstrated, depending on the size and surface properties, plant 
age, and exposure duration (Ma et al., 2016a, 2016b). Increase in pro
line accumulation in plants treated with CeO2 NPs may contribute to 
stabilizing sub-cellular structures and osmotic balance in the cytosol. 
The higher accumulation of proline found in plants exposed to higher 
concentrations of CeO2 NPs, may be linked with increase capacity of 
scavenging free radicals and protecting cells from oxidative damage as a 
stress protection mechanism (Wang et al., 2020). 

In regard with the antioxidant response, salinity lead to an increase 
in H2O2 content, as well as GP and SOD enzymatic activities. It is well 
known that CAT, SOD, GP, and APX act as a defence mechanism for ROS 
detoxification under salinity (Hasanuzzaman et al., 2020). Concor
dantly, stress-mediated production of H2O2 is a key indicator of prob
lematic cellular integrity, which in turn results in oxidative damage to 
plants (Wang et al., 2019). In the case of inefficient reduction or scav
enging by the relevant plant antioxidant enzymes, an over-production of 
H2O2 is commonly observed under high levels of salinity (AbdelLatef 
et al., 2018; Abdelaal et al., 2020). Furthermore, disturbance in timing 
required to activate antioxidant enzymes in order to coordinate with the 
production of ROS results in over-production of H2O2 (AbdelLatef et al., 
2018). As reported by Korsvik et al. (2007) and Hussain et al. (2017), a 
main protective role has been attributed to the ceria nanoparticles 
thanks to their SOD mimetic activity. Furthermore, ceria NPs are char
acterized with a peculiar unique surface redox chemistry, which induces 
substantial biochemical and physiological function in plants (Rico et al., 
2017). Considering SOD activity, all concentrations of CeO2 NP treat
ments did not significantly affect SOD activity under non-saline condi
tions, whilst SOD activity increased under both salinity and CeO2 NP 
treatments. SOD dismutates ROS to H2O2 and this is subsequently con
verted to H2O through the activities of CAT, APX, GPX and other anti
oxidant enzymes (Hussain et al., 2019). According to the current 
findings, SOD activity is positively correlated with H2O2 content 
(p < 0.001; r = 0.959). In the current experimental setup, salinity 
increased H2O2 content but plants did not respond accordingly to the 

low concentration of CeO2NP treatments, relative to the control plants. 
In accordance with H2O2 content, no significant correlations were 
observed with APX and GP with H2O2 content. However, in the study by 
Rico et al. (2013), concentrations of 62.5 and 125 mg CeO2NPs L− 1 

lowered H2O2content in rice but higher concentration of CeO2NPs did 
not affect H2O2 content significantly. Cerium oxide nanoparticles with 
low Ce3+/Ce4+ ratio (35%) reduced the levels of leaf ROS (by 52%), 
including H2O2 (Wu et al., 2017). 

As reported for most plant species, abiotic stress factors in general, 
and salinity in particular, damage plants through over-generation of 
ROS due to oxidative stress. MDA content is widely assayed for esti
mating the membrane lipid damage of plant cells (Wang et al., 2019). 
Current findings revealed significant damage with increasing salinity 
levels in grapevine, directly linked to stress-mediated lipid peroxidation 
that resulted in disturbed membrane integrity and increased MDA con
tent. Similar to the effect of other NPs (Askary et al., 2017; Mohamed 
et al., 2017), CeO2 NPs decreased MDA content, suggesting the capa
bility of CeO2NP application on promoting plant tolerance to salinity 
stress. This capability may also be explained with the non-toxic con
centration of the applied NPs; however, current results are not in 
agreement with those by Rico et al. (2013), who demonstrated increased 
MDA content and ion leakage in rice shoots following CeO2 NP treat
ment. Observed differences are likely to be dependent on plant growth 
conditions, plant species, and exposure concentration and duration (Ma 
et al., 2016b, 2016a; Wang et al., 2012). 

Concerning the smooth running of metabolic processes in plants 
including defence responses, uptake, partitioning and interactions of 
minerals in plant tissues are of fundamental importance. In the case of 
salt stress response and depending on the salinity level or duration, 
substantial deviations from the optimal levels of minerals have been 
reported for a large number of plants species (Yildirim et al., 2006; Wu 
et al., 2013; Borrelli et al., 2018). K+ retention in plant cells is known as 
a mechanism to improve salinity stress tolerance in crops (Ismail and 
Horie, 2017). Previous results showed that CeO2 NPs assist in the higher 
retention of K+ in leaf mesophyll, resulting in improving plant photo
synthetic performance under environmental stimuli such as salinity 
(Boghossian et al., 2013a, 2013b; Wu et al., 2017, 2018). Similar to 
other findings, our results showed that application of CeO2 NPs could 
decrease damaging sodium uptake in grapevine plants. Rossi et al. 
(2017) stated that CeO2 NPs treatment reduced root apoplastic barriers 
which permitted more Na+ transport to shoots and less Na+ accumula
tion in salt-stressed plant roots. 

5. Conclusion 

Application of CeO2 NPs provided significant protection to grapevine 
plants exposed to salinity stress, highlighting the promising role of 
nanomaterials in agriculture. This was revealed through the improve
ment of various agronomic, physiological and biochemical parameters. 
Nonetheless, further studies are needed in order to reveal the exact 
modus operandi of ceria nanoparticles in organs of grapevine plants. In 
that context, the uptake, translocation and partitioning of cerium con
centrations deserves thorough examination, while systems biology ap
proaches could provide useful insight into regulatory components 
involved in stress responses. Furthermore, in addition to the potted plant 
experiments carried out under controlled conditions, follow-up field 
trials could contribute to the understanding of potential applications of 
these advanced nanoparticles in agriculture under ever-changing envi
ronmental conditions, at the same time examining potential memory/ 
trans-generational effects that may occur due to possible epigenetic 
modifications. 
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